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Diﬀerent pyrolytic graphite materials were produced varying the annealing parameters such as tem-
perature, pressure and time. These variations should alter the product properties in a systematic way.
The coeﬃcient of in-plane thermal conductivity, CKT , the coeﬃcient of electrical conductivity, σ and the
pull strength S of these samples were measured. Results for the diﬀerent materials and correlations are
reported.
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bYLA IZGOTOWLENA SERIQ OBRAZCOW PIROLITIˆESKOGO GRAFITA PRI RAZLIˆNYH USLOWIQH PROWEDENIQ
PROCEDURY WTORIˆNOGO OTVIGA. pRI OTVIGE WARXIROWALISX TEMPERATURA, WREMQ I DOPOLNITELXNOE
WNE[NEE DAWLENIE. u POLUˆENNYH OBRAZCOW BYLI IZMERENY KO“FFICIETY PRODOLXNOJ TEPLO- I “LEK-
TROPROWODNOSTI (CKT I σ) I ZNAˆENIE POPEREˆNOGO USILIQ NA RAZRYW S. pREDSTAWLENY POLUˆENNYE
W HODE IZMERENIJ ZNAˆENIQ I IH WZAIMOSWQZX.
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Introduction
As already indicated in [1] diﬀerent samples of Thermal Pyrolytic Graphite (TPG) show a
negative correlation of the thermal conductivity and the mechanical pull strength. Material with
higher thermal conductivity has worse mechanical properties. This correlation can be understood
as follows: Imperfections in the layer structure of TPG increase the bonding of adjacent layers
and improve the mechanical properties of the material. However, such imperfections have an
adverse eﬀect on the thermal conductivity. The quality of the layer structure can be controlled
to some extent using diﬀerent annealing parameters in preparing the TPG material. In order
to study this correlation in a more systematic way we performed a series of measurements of
diﬀerently annealed samples of Pyrolytic Graphite to correlate mechanical, electrical and thermal
properties. These tests should allow to select the optimal annealing procedure for the material
to be used as baseboard of the SCT end cap modules.
Sample Preparation
Pyrolytic graphite is made using deposition of carbon at high temperature (1900-2200 oC)
from natural propane at low pressure. During the deposition the temperature varies resulting in
a rather inhomogeneous material with internal tensions. Hence high temperature annealing and
eventually high pressure annealing is performed afterwards. Annealing under pressure is done
using the setup shown in Fig. 1. The setup is an inductively heated block and a special external
piston. All heated elements of the press are made using pressed graphite. The temperature of
the sample during the annealing process is monitored by sensors through a small window.
All samples were manufactured by Atomgraph (Moscow). The following samples were
prepared1:
1We introduced the following labeling scheme to characterize the diﬀerent samples: aaannmmmk; “aaa”
describes the initial material, either raw pyrolytic graphite as described above (“PG”) or pre-annealed material
like “TPG” or “HOPG” as explained below. “nn” indicates the temperature of the annealing, “29” stands for 2900


































































Fig. 1. Schematic view of the setup used for annealing of TPG under pressure: 1,2 — thermal insulation;
3 — heated graphite blocks; 4 — graphite piston; 5 — window; 6 — sample; 7 — inductor coil.
• PG290001: Raw PG annealed at 2900 oC for 1 hour. This material is commercialized
under the name “TPG”.
• PC292000: PG annealed for a short time at 2900 oC under a pressure of 200 kg/cm2.
This material is commercialized under the name “HOPG”.
• TPG290100: TPG additionally short time annealed at 2900 oC and under pressure
10 kg/cm2.
• TPG320003: TPG annealed at a temperature of 3200 oC, without pressure (in fact, there
is a small contact pressure of about 1 kg/cm2) during 3 hours.
• TPG320000: TPG short time annealed at 3200 oC without pressure.
• HOPG320003: HOPG annealed at a temperature of 3200 oC for 3 hours without pres-
sure.
• HOPG320000: HOPG short time annealed at a temperature of 3200 oC without pressure.
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Two series of each type were prepared: Series 1 consists of 9 samples (three kinds of materials,
and three samples of each material), series 2 consists of 18 samples (ﬁve kinds of each material).
Both series include standard TPG (PG290001), hence the total number of the tested structures
is seven.
For comparison we measured also a sample of TPG (with unknown annealing parameters)
purchased from Advanced Ceramics Cooperation.
Measurements
First the coeﬃcient of the thermal conductivity of every sample was measured. Then each
TPG sample was divided into 5 small samples (for Series 1), or into 2 samples (for Series 2).
These small samples were used for pull tests measurements. In addition the electrical conduc-
tivity of the samples of series 2 was measured.
Thermal Conductivity
The setup used to measure the coeﬃcient of the in-plane thermal conductivity is very close to
the one described in [3]. A detailed description is also given in [2]. A schematic view of the setup
is shown in Fig. 2. The coeﬃcient is derived from the measured temperature gradient along
the heat path under stationary conditions using the distance between the temperature sensors,
the cross section of the sample and the heat ﬂow. The measurements were done inside of a
vacuum vessel at residual pressure near 10−1 mbar and the averaged temperature of the samples
was varied from -6 oC up to +7 oC for the series 1 and from +5 oC up to +16 oC for series 2.
The results are listed in table 1. All measurements from the same material were averaged. The
statistical error indicates the spread within the samples of one type. It is interesting to note that
the high pressure annealed materials (PG292000, TPG290100) show a substantial larger spread.
This could be understood in terms of an inhomogeneous pressure distribution in the setup. A
second annealing step (as done for HOPG320003 and HOPG320000) reduces this spread. In
Fig. 5 the average and spread of the thermal conductivity of TPG and high pressure annealed
HOPG is shown for the original material and after further high temperature annealing. For
standard TPG the conductivity improves while the spread is reduced, whereas for HOPG the
conductivity decreases slightly while the spread is reduced as well.
Transverse Pull Strength
Transverse pull Strength measurements were performed using the method described in [1].
The structure of the samples is shown in Fig. 3. Two metal bars are glued back to back on
the TPG sample. The upper bar is suspended by a support. A plastic vessel is clamped to the
lower bar. A stream of water slowly ﬁlls the vessel up to the moment of disruption of the TPG
insertion. The pull strength can then be deduced from the weight of the vessel.
Electrical Conductivity
In order to measure the electrical conductivity four contacts were put on the sample using
conductive silver loaded grease from EPOTEC as shown in Fig. 4. The positions of the contacts






























Fig. 4. Schematic view of the setups used for the measurement of the electrical conductivity.
Fig. 5. In plane thermal conductivity of TPG and HOPG before and after high temperature annealing
(without pressure). The central lines indicate the average of all samples, the shaded area the
RMS spread.
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Fig. 6. Pull strength as function of the thermal conductivity. Average of all samples of a speciﬁc type
of TPG. Solid line: statistical error. Dashed line: total error
Fig. 7. Thermal and electrical conductivity. Average of all samples of a speciﬁc type of TPG from
series 2.
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(U+ + U−) · a · b
2 · I · d ,
a is the width of the sample, b its thickness, d the distance between potential contacts, I the
current through the sample and U+, U− the potential diﬀerence at the contacts for direct and
reverse current directions. The accuracy of the measurement is about 5%.
The coeﬃcient of the in-plane thermal conductivity, CKT and the transverse
pull strength, S.
The measured values of the transverse pull strength as function of CKT for all samples of
Series 1 and Series 2 are shown in Fig. 6. The results of all measurements from the same kind
of the graphite material were averaged.
Thermal and Electrical Conductivity
The values of the thermal conductivity coeﬃcient, speciﬁc resistance ρ and electrical con-
ductivity σ for the samples of series 2 are given in Table 1.
Table 1. Properties of pyrolytic graphite samples: Pull strength S, in-plane thermal conductivity CKT ,
and electric conductivity σ. A sample from Advanced Ceramics was measured for comparison
(AAC).
S CKT ,stat,sys σ
Material [N/cm2] [W/mK] [Ω m]−1
PG290001 56.5 ± 14.20 1550 ± 87 ±100 1.63× 106
TPG290100 45.2 ± 14.80 1646 ± 261±100
PG292000 30.0 ± 12.35 1940 ± 212±100
TPG320003 30.2 ± 15.91 1716 ± 15±107 2.32× 106
TPG320000 35.0 ± 11.33 1620 ± 20 ±95 2.17× 106
HOPG320003 34.0 ± 14.62 1800 ± 65±115 2.47× 106
HOPG320000 33.8 ± 13.87 1705 ± 37±100 2.11× 106
AAC 11.4 ± 1.4 1844 ± 114
The thermal conductivity coeﬃcient, as function of the electrical conductivity for samples is
plotted in Fig. 7.
Conclusions
• High pressure annealed material has on average the best thermal conductivity. However,
large variations from sample to sample are observed. For practical applications it is im-
portant that the material has constant, reproducible properties. Therefore high pressure
annealed material such as HOPG should not be used. A second high temperature an-
nealing step without pressure reduces this spread with a moderate reduction of thermal
conductivity. Standard TPG, especially after annealing has very low variations and an
almost equally good thermal conductivity.
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• For TPG material a negative correlation of the transverse pull strength and the in-plane
thermal conductivity is observed, material of higher thermal conductivity delaminates
easier. The correlation coeﬃcient S is in the order of −0.73. Although the pull strength
is reduced by almost a factor of two due to annealing the values of 30 N/cm2 can be
considered good enough for our applications.
• Electrical and thermal conductivity are correlated. The correlation coeﬃcient is 0.87.
Since the measurement of the in-plane electrical conductivity is easier than thermal mea-
surements this can be used for quality control of TPG material in the series production of
SCT spines.
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